A FREQUENTLY occurring problem in electromagnetic compatibility (EMC) is the determination of the electromagnetic fields inside an enclosure containing apertures. In many cases, the enclosure and apertures are rectangular, and this has led to a number of attempts at solving the problem of a rectangular box with a rectangular aperture, irradiated by a plane wave. For example, in [1] [2] [3] [4] , the electric field integral equation (EFIE) is used to solve the problem using the method of moments (MoM). Although the treatment of the aperture is efficient, this self-consistent method is still computationally intensive. Indeed, using a variety of standard numerical techniques such as finite difference time domain (FDTD), transmission line matrix (TLM), or MoM, the problem is readily tackled, e.g., [5] [6] [7] . Unfortunately, there can often be some differences in the solutions in critical regions using these techniques, depending on the slight differences in spatial, time or frequency resolution chosen for the computer simulations, and indeed on the precise simulation method chosen. A purely analytic approach is described in [6] , though even in this case we Manuscript received June 8, 2004 ; revised March 7, 2005 . This work was supported by BAE Systems.
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Digital Object Identifier 10.1109/TEMC. 2005.853715 are forced to truncate an infinite series at some suitable point, and the method effectively becomes a MoM solution. However, the main problem with such techniques is that they all require significant computer resources such as RAM and/or hard disk space, and can take several hours or days to reach a solution.
For example, in [7] the MoM technique is speeded up by the use of the Ewald transformation [8] , resulting in a computer code that takes only a few tens of seconds to run per frequency point on modern computers (clock speeds of 2-3 GHz are typical of computing equipment at the time of writing). Even in this case however, solution times of at least 2-3 h are required to produce a data set consisting of ∼750 frequency points. More general commercial MoM code such as CONCEPT II [9] will take 2-3 days for 750 frequency points, even with a clock speed of over 2 GHz. An approximate but fast semianalytical (SA) treatment of the problem of a rectangular box with an aperture is described in [10] , where the cavity is considered to be a waveguide that is short-circuited at both ends. In this case the shielding effectiveness (SE) of the box is computed in 2 s per frequency point using a 2.4-GHz Pentium 4 processor. A data set of 750 frequency points would thus take 25 min to produce. The slowness of solution using these methods has prompted a number of investigators to try and find a more rapid solution to the problem, using various approximations. One of the first successful techniques was that due to Robinson et al. [11] , who used an equivalent circuit technique to find a sufficiently accurate frequency domain solution to the problem in just a few lines of computer code, taking only a small fraction of a second. The original solution of [11] is limited in its scope in a number of ways. The incident plane wave can only have one polarization and direction of travel, though fortunately this is often the worst case as far as shielding effectiveness (SE) is concerned. In addition, the rectangular slot must be centrally placed in both height and width in the rectangular front face of the box. However, the most severe limitation of the model in [11] is that the model considers only the excitation of the TE 10 mode of the box. This limits the accuracy of the solution to low frequencies and/or relatively small boxes, where the TE 10 mode is dominant. We note here that the model has no difficulty with dealing with an exponentially decaying (evanescent) mode, below the TE 10 cut off frequency. However, at frequencies where higher order modes can propagate, the model becomes inaccurate. For reasonably large boxes, of the order 0.1 m 3 , the scope of the model in [11] is thus limited to a few hundred megahertz.
0018-9375/$20.00 © 2005 IEEE The problem of oblique incidence of irradiation has been addressed in [12] , while still retaining only the TE 10 mode. The aperture is treated as a two-wire transmission line with no radiation losses. The treatment is extended in [13] to take into account multiple modes, though only frequencies below 1 GHz are considered. In fact, only one of the results presented in [13] involves a higher order propagating mode below 1 GHz, and in this particular case there is a feature in the predicted SE just below 700 MHz, corresponding to the TE 201 resonance [14] , which is not observed in experiment. (In this particular case, the TE 20 mode begins to propagate above 621 MHz). Another attempt at a multimode treatment of the aperture in a box problem has been made in [15] , though curiously only TE m 0 and TM 1n modes are considered, making the theory totally unsuitable for prediction of SE for off-center positions in the box. Indeed, no direct comparisons with numerical results on the same graph are given, and an unknown empirical loss factor is introduced into the model. In all of the models [11] [12] [13] , [15] , only apertures centrally placed in height and width in the front face of the box are considered.
In this paper, we present a multimode intermediate level circuit model (ILCM) for the problem of a rectangular aperture in a rectangular box. The circuit model is presented in such a way that existing ILCM techniques [16] [17] [18] may be used to further model the presence of such elements as monopoles, dipoles, loops or microstrip transmission lines inside the box, though for simplicity we limit ourselves in this paper to an empty box. The technique of multimode analogous transmission line circuit theory [17] , [19] is used to model the modal excitation and coupling of modes in the aperture. In addition, a simple and rapid use of the Numerical Electromagnetics Code (NEC) [20] is made to estimate the radiation resistance of a simple dipole over the frequency range considered. The radiation resistance is converted via Babinet's principle [21] to an equivalent radiation resistance at the center of the aperture in the front face of the box. Using a method similar to that in [12] , the electric field in the aperture is calculated, but in the presence of the radiation resistance. The resultant aperture field is used to give a first estimate of the modal excitation of the box, under the temporary assumption that the presence of the box does not affect the aperture field. However, unlike the model of [13] , the aperture field is then allowed to be altered by energy entering and exiting the box, taking into account inter-mode coupling and energy re-radiation into free space. The model thus accounts for all the physical processes present.
The ILCM model can cope with rectangular apertures positioned anywhere in the front face of the box, unlike the models of [11] [12] [13] and [15] . However, it is most accurate for "slot" type apertures where the height of the slot is significantly less than its length (say less than 12%). Any direction of incidence and polarisation of the incoming plane wave may be dealt with in the theory, though we have only been concerned withŷ polarized waves traveling in the +ẑ direction. In addition, the model can readily be used at high frequencies (we have set an upper limit of 3 GHz for convenience) without deterioration in accuracy, providing an appropriate number of modes are taken into account. The circuit model is rapid, taking typically less than 2 s to process 750 frequency data points on a Pentium III computer operating at 750 MHz. This contrasts with a typical run time of 4.5 h for the numerical technique of TLM modelling. Despite its simplicity, the ILCM model is remarkably accurate, showing an overall rms difference in SE values of 7.70 dB compared with TLM, and a mean absolute difference of 5.55 dB. Visual examination of the curves in Section VI supports the validity of the circuit model, with the vast majority of the many features in the TLM simulations reproduced by the circuit theory.
Sections II and III describe the problem at hand, and give an initial solution for the field in the aperture, in the absence of the rest of the box. Sections IV and V explain how this aperture field is modified by the presence of the box, and develop an equivalent circuit to model the inter-mode coupling and reradiation into free space. The circuit model results are compared with the numerical method of TLM in Section VI, with some conclusions being drawn in Section VII. Fig. 1 shows the experimental configuration that it is desired to model using circuit theory. A rectangular box of dimensions a(x) × b(y) × d(z) contains a rectangular aperture in its front face (z = 0) extending from x = x l to x = x h and y = y l to y = y h . The box is irradiated by an incident plane wave E inc y , polarized in theŷ direction and travelling in the +ẑ direction. The aperture is assumed to be 'slot' like, so that (y h − y l ) < (x h − x l ), but otherwise may be positioned anywhere on the front panel. In addition, the slot height (y h − y l ) is considered to be much less than a wavelength of free space radiation at the frequency of irradiation of E inc y . Under these conditions, and particularly if (y h − y l ) (x h − x l ), the slot can be approximated to a section of coplanar strip transmission line that has been short-circuited at x l and x h . When the aperture or slot is centrally placed in the front panel, it is possible to assign a quasi-static characteristic impedance to this transmission line [22] . However, for the purposes of this paper, we need the slot transmission line to have the same characteristic impedance as the quasi-TEM wave it supports. This is necessary to be consistent with the general theory of analogous transmission lines described in [17] and [23] , where the analogous transmission line representing a waveguide mode is assigned the same characteristic impedance as the transverse ratio of E and H fields that the mode supports. The "analogous" transmission line (rather than the literal transmission line) representing the slot is therefore assigned a characteristic impedance of Z FS = 377 Ω, the impedance of free space. This assignment is not only found to improve the quality of the results (see Section VI) but also negates the need to work out the characteristic impedance when the slot is not placed at the central height of the front panel.
II. PLANE WAVE EXCITATION OF A RECTANGULAR BOX CONTAINING A RECTANGULAR SLOT

A. Experimental Configuration
B. Plane Wave Excitation of a Two-Wire Transmission Line
The analysis in this section is similar to that given in [12] . Consider a two-wire transmission line of length x h − x l aligned in thex direction and with a vertical separation g = y h − y l in theŷ direction. The line is situated in the plane z = 0 and is illuminated by a plane wave travelling in the directionb. The incident electric and magnetic fields are related by
(1) where
The transmission line equations of the system, including the forcing terms of the external applied fields, can be solved as in [12] to give the voltage V (x) on the transmission line, i.e.,
where
and A and B are determined by the boundary conditions of short circuits terminating the line in the planes x = x l and
Equations (5)- (8) define the solution to the voltage V (x) on the two-wire transmission line.
The solution of (5) can be used to find the field E wire y between the two wires of the transmission line, i.e.,
We now make the assumption that the field E aperture y (x) in the slot of Fig. 1 , in the absence of the rest of the box in the region z > 0, is approximately a factor (b/g) times larger than E wire y , to account for the extended width of the transmission line conductors, occupying the regions 0 ≤ y ≤ y l and y h ≤ y ≤ b. Providing b is small compared to a wavelength, this should be a good assumption, since when viewed in the plane z = 0 the twowire transmission line appears as a short dipole whose length has been extended by the factor (b/g), with a corresponding increase in antenna effective height by a factor of (b/g). This should also serve as a reasonable first approximation for the increase in field when b is comparable to a wavelength. The aperture field in Fig. 1 , in the absence of the rest of the box in the region z > 0, is thus estimated as
Equation (10) does not take into account the energy that enters and exits the box, nor does it take into account (in free space) any reradiated energy. The latter aspect is dealt with in the next section, which uses the Numerical Electromagnetics Code (NEC) [20] in conjunction with the Babinet principle [21] to assign a radiation resistance to the original two-wire transmission line problem. This modifies the solution for E aperture y (x) given by (10) and significantly reduces the Q factor of the undesirable strong resonance that would otherwise occur when the slot length (x h − x l ) corresponds to a half wavelength of radiation. When the latter condition is fulfilled, we obtain unphysical fields in the kVm −1 range in the lossless 2-wire transmission line solution of (9) for unit incident field, and therefore for the slot field solution in (10) . The large unphysical fields occur because there is no reradiation (or loss) mechanism built into the transmission line solutions of (9) and (10), which therefore predict very high and erroneous fields when the slot/transmission line is in resonance. Including a parallel resistance across the center of the slot provides us with an approximate method of treating re-radiation, which complements and improves the lossless solutions of (9) and (10) by significantly reducing these unphysical fields. Note that (10) permits arbitrary angles of incidence for a plane wave, though for the sake of brevity we have been concerned in this paper only with plane waves for which β x = 0, β y = 0.
III. MODIFICATION OF THE APERTURE FIELD IN FREE SPACE BY INCLUSION OF RADIATION RESISTANCE
A. Use of NEC to Find Radiation Resistance
Fig . 2 shows two complementary structures where metal is replaced by free space and vice versa. From Babinet's principle [21] the impedances of the two structures at the points shown are related by where Z FS is the impedance of free space (Z FS = 377 Ω). In order to find the impedance Z slot therefore, we simulate the impedance of the planar dipole of Fig. 2 (b) using the NEC [20] . This is very rapid, and typically will take less than a second for 750 data points. In practice, if the width w and the length l of the planar strip are w = y h − y l , l = x h − x l , a reasonable approximation to the impedance Z dip can be found by simulating the impedance at the center of a wire dipole of length l and radius r where πr = w. Work done by Newman [24] on the self impedance of thin current strips suggests using an equivalent wire radius r given by 4r = w. In practice, however, the choice r = w/4 or r = w/π has negligible effect on the overall calculation of shielding effectiveness. From (11), the corresponding impedance Z slot of Fig. 2 (a) may be found. Note that the NEC simulation will generate a value of Z dip which has a real component, representing the radiation loss mechanism into free space. Similarly, Z slot will have a real component, also representing the radiation loss mechanism into free space. It is this resistance which is used to modify the solutions for V (x) and E aperture y (x) given by (5) and (10), respectively, in the absence of reradiation from the slot. Note that we do not in fact have an infinite sheet of metal surrounding our slot in Fig. 2 , so that this treatment is approximate.
B. Calculation of Parallel Radiation Resistance of Slot
From simulation using NEC, the impedance of the dipole of Fig. 2 
(b) is given by
From the transmission line point of view, Z slot in Fig. 2 can be considered as two short circuited sections of transmission line connected in parallel (a pure reactance) in parallel with a radiation resistance R p . Manipulating (11) and (12) yields the parallel radiation resistance R p in terms of the dipole resistance R d simulated in NEC as
Thus, from NEC simulation of the dipole in Fig. 2 (b), it is possible via (12) and (13) to find the equivalent radiation resistance R p strapped across the center of the slot in Fig. 2(a) . The main value and justification for this resistance in the model is that it prevents the very high and erroneous electric fields that would otherwise be predicted by (9) and (10), which take no account of re-radiation, when the slot is in resonance. This also has benefits in the predicted SE curves, an example of which is shown in Fig. 13 . For now, we note that the lossless twowire transmission line solution of (9) yields unphysical wire gap fields in the kVm −1 range and above when x h − x l = λ/2, for an incident field of 1 Vm −1 . Inclusion of R p as calculated using (13) Fig. 3 illustrates a two-wire transmission line, irradiated externally by a plane wave traveling in theb direction. In the absence of any re-radiation from the line, the solution for the electric field between the wires is given by the aperture field E aperture y (x) in (10) with b = y h − y l = g. We wish to calculate the field on the line in the presence of R p , the radiation resistance that enables energy to be lost from the line by the process of reradiation. Following the method in Section II-B, we can write the solution for the voltages on the left-hand side (LHS) and the right-hand side (RHS) of R p as
with corresponding solutions for the LHS and RHS currents given by
Here, Z 0s is the characteristic impedance of the transmission line (which we will eventually take to be Z FS = 377 Ω) and H is a factor that depends (among other things) on the capacitance per unit length C l of the line. In fact H is irrelevant in the analysis that follows, so that we do not need to know the value of C l explicitly. H is given by (6) as before. The coefficients A L , B L , A R , and B R need to be determined by four independent boundary conditions for the circuit in Fig. 3 . These four boundary conditions are as follows:
where the midpoint of the line is at x m = (x l + x h )/2. Combining these boundary conditions with (14)- (17) yields the four coefficients A L , B L , A R , and B R , and the solution for the voltage on the two wire line in Fig. 3 is defined by (14) and (15) . The field E aperture y (x) in the two-wire line is given by −V L/RH S (x)/(y h − y l ). As before, this field is multiplied by a factor b/(y h − y l ) to account for the extended vertical height b of the box in Fig. 1 . The field in the aperture, in the absence of the rest of the box in the region z > 0, is thus given by
Although this treatment yields only an approximate value for the aperture field in the absence of the rest of the box, it is an improvement on the lossless case given by (10) , particularly when the slot length corresponds to an odd integral number of half wavelengths. In reality the slot will reradiate over its entire length, whereas our approximate treatment uses a lumped resistance across the center of the slot to effect the re-radiation process. Nevertheless, the inclusion of a lumped resistance R p has the desired effect of significantly reducing the Q factor of the field in the slot at its resonant frequencies, compared with the use of (10) in the lossless case. This is found to improve the quality of the results produced by the overall model, particularly at the troublesome slot resonant frequencies, for a wide range of box/slot sizes and positions. Comparison of the overall model with the results of experiment, established MoM and TLM techniques is provided in Section VI. The aperture field in (22) and (23) is of course modified by the reaction of energy that enters and exits the rest of the box in the region z > 0 in Fig. 1 . Sections IV and V explain how this is dealt with in terms of modal analogous transmission line theory, and how this leads to the entire field problem being expressed in terms of an equivalent circuit problem.
IV. EXCITATION OF MODES IN INFINITELY LONG WAVEGUIDE BY APERTURE FIELD: EQUIVALENT CIRCUIT REPRESENTATION AND THE PRINCIPLE OF RECIPROCITY
A. Excitation of Modes by Aperture Field
For an infinitely long waveguide, or alternatively, an absorbing wall in the plane z = d in Fig. 1 , the fields E y and E x inside the waveguide can be expressed as a sum of forward travelling TE and TM modes, i.e.,
where γ m n is given by
The individual coefficients C are as yet unknown, but, as we shall see below, with some approximations they can ultimately be expressed in terms of the aperture field.
If we evaluate E y (r) = E y | z =0 from (24) in the plane z = 0, multiply by cos(uπy/b) where u = 0, 1, 2, . . . and integrate with respect to y from y = 0 to y = b we obtain
where δ u 0 is the Kronecker-delta symbol, equal to unity for u = 0 and zero for u ≥ 1.
We now require E y | z =0 to equal zero for 0 ≤ y ≤ y l and y h ≤ y ≤ b (zero tangential electric field at a metal surface). We further assume that E y | z =0 in the aperture is in fact independent of y. This will be a very good approximation if the slot is narrow, or at least if the width g = y h − y l of the slot is small compared to a wavelength of radiation. Under these assumptions, we can evaluate the left hand side of (28) to give 
Combining (29) and (28), we obtain
Equation (31) holds for each value of u. Hence, putting u = 0 results in
Putting u = n ≥ 1 into (31) results in
Clearly the aperture field E ap actual y (x) has a unique Fourier series expansion involving only sine functions, so that we can equate the coefficients of sin(mπx/a) in (32) and (33). Thus, for m = 1, 2, 3, . . . and n = 1, 2, 3, . . .
This provides one linear relationship between the coefficients C. A second linearly independent relationship can be found by considering the slot as a transmission line, supporting transverse electromagnetic (TEM) waves. Once again, this is a good assumption providing the gap g is small compared to a wavelength. In this case, we can approximate the field E x in the aperture to be zero, since it becomes a longitudinal component of field as far as the slot/transmission line is concerned. Combined with the boundary condition of zero tangential field E x everywhere else on the plane z = 0 (due to the presence of the metal box), we can require the field E x to equal zero everywhere in the plane z = 0. This is only possible in (25) if we set each coefficient of cos(mπx/a) sin(nπy/b) equal to zero. Thus, we obtain, for
Requiring
(This is also an intuitive result for a slot illuminated by a field E inc y .) For m = 1, 2, 3, . . . and n = 1, 2, 3, . . . we must also have
Equations (37) 
Finally, given the actual aperture field E ap actual y (x), the coefficients C TE f m 0 may be found from (32), by multiplying by sin(uπx/a) and integrating with respect to x from x = 0 to x = a. The result is (on replacing the dummy integer u by m)
Equations (39) and (38) to be deduced. These may then be inserted into (24) and (25) to yield the entire field structure for E y and E x inside the waveguide of Fig. 1 , in the presence of an absorbing wall at z = d. It remains to find a method for estimating the field E ap actual y (x) in the aperture.
B. Equivalent Circuit Representation and the Principle of Reciprocity
It is tempting at this point to set the unknown aperture field E ap actual y (x) in (39) to the previously calculated E aperture y (x) of (22) and (23) . However, this will not yield correct results since the field E aperture y (x) is calculated on the basis that the front panel in Fig. 1 is in free space. In the presence of an enclosure in the region z > 0 in Fig. 1 (even an infinitely long enclosure), some energy will enter the enclosure and be reflected out again via the aperture, thus altering the field E aperture y (x) from its free space value. This is true even for an infinitely long waveguide, since many modes will be evanescent (particularly at low frequencies), eventually reflecting their energy back towards the aperture.
We can however use the field E aperture y (x) of (22) and (23) as a starting point to estimate the excitation of the different modes by a plane wave incident on the box from free space. We can then use the principle of reciprocity to estimate the reaction of the modes back on to free space, and at the same time get some measure of the extent of mode coupling that would take place if a particular mode i were incident on the aperture from within the box, resulting in a multitude of modes being reflected back into the box. The procedure is implemented by an equivalent circuit where each waveguide mode is represented by an analogous transmission line with a characteristic impedance equal to the impedance of the transverse ratio of E and H fields for the mode. The connection between the mode amplitude and the amplitude of the voltage/current waves on the analogous transmission line is made quantitative by insisting that the power flow down the analogous transmission line is equal to the power flow down the waveguide. Trans I FS . The value of this transimpedance is also derived in Section IV-C. This type of coupling can also be described in terms of a mutual inductance M such that jωM = Z (n ) Trans , and is the magnetic analogue of electric field coupling in terms of a mutual capacitance C [17] . The problem is formulated in terms of controlled voltage sources (as opposed to controlled current sources) because in the absence of any mode coupling, the slot or aperture appears as a short circuit to any modes or voltage waves incident on the slot from within the waveguide. This is a reasonable approximation to make if the slot is narrow. If controlled current sources were used, the slot would appear as an open circuit, which is not what the physical problem looks like (except possibly for very large apertures).
The principle of reciprocity can be taken into account by including reactive e.m.f.s ε Trans I FS , we can take the principle of reciprocity into account by setting ε (1) loop = Z (1) Trans I (1) wg , where I (1) wg is the current through V (1) wg . Note that this mechanism guarantees that mode coupling will take place in the aperture: An incident mode i from within the cavity will excite ε (i) loop , causing current to flow through the 377 Ω resistor and exciting all other forward traveling modes (including mode i itself).
The following sections outline the derivation of the expressions for Z (n ) Trans (TE and TM modes) and V source , and describe how the fields internal to the box may be derived from knowledge of the terminal voltages V (n ) wg .
C. Derivation of Z (n )
Trans and V source 1) TE Modes: From (24), the contribution of the forward traveling TE m n mode to the electric field E y in the plane z = 0 of Fig. 1 is given by
By equating the power transferred by the TE m n mode with the power transferred down its analogous transmission line, the individual forward and reverse fields can be related to the individual forward (V 
We first separate out the forward and reverse waves by assuming that the plane z = d in Fig. 1 is perfectly absorbing, or alternatively that the waveguide dimension d is infinite. This results in forward traveling waves only, and for the case of an infinitely long waveguide effectively means that we have terminated each of the analogous transmission lines in its characteristic impedance Z (n ) c . Later we shall reintroduce the short circuit in the plane z = d and let the circuit we have derived deal naturally with any reflections that occur from the back wall. The advantage of this approach is that the rectangular cavity can then indeed be treated as a superposition of analogous transmission lines, allowing existing ILCM techniques to model the presence of a monopole or loop inside the cavity (e.g., [16] and [17] ). Indeed, though we have not done so here, this approach also allows us to assign an arbitrary electric field reflection coefficient ρ to the back wall, thus simulating a lossy cavity. Instead of terminating analogous transmission line (n) with a short circuit (ρ = −1.0), we terminate the line in an impedance Z (n )
For the experimental setup in Fig. 1 , β x = β y = 0. From (4)- (7), (14)- (23) Fig. 1 . We note here that for an incident plane wave traveling in a given direction b with a given polarization, the field H inc z in (6) is directly proportional to E inc y with a known constant of proportionality. We can therefore write
where k 1 and k 2 are known constants. Combining (46) and (48), we obtain
It remains to relate E inc y to I FS , in the absence of any reaction from the analogous transmission lines into free space (i.e., we set all the e.m.f.s ε (n ) loop = 0 in Fig. 4) . In this case, the peak power in the incident wave that impinges on the box for aŷ polarized wave traveling in theẑ direction is given by
Clearly, this requires a source voltage (in the absence of any reactive e.m.f.s)
Finally, from (52) and (50), we can write our forward traveling voltage wave in an infinitely long waveguide/analogous transmission line as
f is, of course, equal to one of the voltage sources V (n ) wg
in Fig. 4 , and represents the excitation of the forward traveling TE m n mode. Equation (54) defines our transimpedance Z (n )
Trans for TE modes. It is given by
The value of V source is given by (53).
2) TM Modes: A similar treatment for TM modes results in a transimpedance
γ m n and k 2 are defined in (26) and (49), respectively. The forward traveling voltage for a TM mode in the presence of an infinitely long waveguide is therefore given by
Trans is given by (56). V 0 f is, of course, set equal to one of the voltage sources V (n ) wg in Fig. 4 , and represents the excitation of the forward traveling TM m n mode.
V. COMPLETION OF THE CIRCUIT AND THE REINTRODUCTION OF THE REFLECTING BACK WALL: RECONSTRUCTION OF FIELD IN CAVITY
A. Reintroduction of Reflecting Back Wall
Having obtained our values of Z
Trans for TE modes (55) and TM modes (56), and knowing what value to assign to V source for a given E inc y (53), we can complete our circuit so as to model the original problem of Fig. 1 . As indicated in Section IV-B, the principle of reciprocity is taken into account by including a reaction e.m.f. ε (n ) loop in the "free space" circuit of Fig. 4 for every mode excitation voltage V (n ) wg , such that
The conducting wall in the plane z = d can easily be reintroduced. All that is required is to alter the 'absorbing' terminating characteristic impedances Z (n ) c for the analogous transmission lines (which have been implicitly assumed in the derivations of Section IV-A) to the impedances of the short-circuited sections of transmission line seen by the various V (n ) wg . These impedances are given by Z Fig. 4 . The effect of this is to reflect current into the dependent voltage sources V (22) and (23), since the modes have been allowed to couple and therefore influence each other.
B. Reconstruction of the Field Inside the Cavity
The circuit of Fig. 4 may be solved for the voltages V (n ) wg using modified nodal analysis [25] , noting that simple nodal analysis is inadequate because of the presence of dependent voltage sources. Alternatively, a simple algebraic manipulation of the circuit equations for Fig. 4 with N modes yields the result
In the presence of a conducting wall in the plane z = d, it is a simple matter to decompose the terminal voltages V 
For TE modes, these values of V 0 f and V 0 r may be used in conjunction with (41) and (42) to reconstruct the total field E y at any point inside the box due to TE modes only. For TM modes, the field E y at any point inside the box can be found from 
The quantity u is defined in (57)-(59). By summing the total fields due to forward and reverse waves for TE and TM modes, the overall total field E Tot y (r) at any point inside the box may be calculated. The shielding effectiveness SE at that point is then given by
(N.B. Other definitions for SE may be used since we are totally ignoring E x and E z , though this definition will suffice for comparison with experiment and TLM). The field E Tot y (r) can of course be expressed as a standard triple sum of cavity modes. Indeed, each cavity mode is nothing more than a standing wave consisting of forward and reverse traveling waves of equal amplitude. The ILCM circuit described here provides the amplitude (and phase) of each modal traveling wave, and accounts for the interaction between the modes that occurs in the aperture.
VI. RESULTS
In this section, the results of the ILCM model presented in Sections II-V are compared with results of numerical modeling using the transmission line matrix (TLM) method. The TLM simulations were performed using a 5-mm grid. Various cases of apertures in boxes are considered, and these appear in Table I . The aim was to consider a reasonably varied assortment of box sizes, aperture sizes and positions and field observation points, without producing an excessive amount of data. In all cases the incident field consists of aŷ polarized wave travelling in thê z direction, as in Fig. 1 . Some comparisons with previously published data are also given.
The circuit model and TLM values for SE as defined in (70) are compared for six of the ten different cases in Figs. 5-10, the remaining results being omitted for brevity. With the exception of case 7 in Fig. 9 , the agreement is generally seen to be excellent, both qualitatively and quantitatively. The upper frequency range considered is 3 GHz, where many higher order modes are present. Simple TE 10 models such as [11] and [12] would be totally inadequate at such frequencies (see for example the result of the model in [11] plotted in Fig. 11 ). In contrast, there is seen to be little deterioration in accuracy even at such high frequencies for the current model. Moreover, the model is able to cope with significantly off center slots, something not possible with other models.
It is seen in Fig. 9 (case 7) that the agreement with TLM is relatively poor (though, curiously, this is not true at high frequencies). This might be expected for this particular aperture since the aperture is in fact square, and cannot therefore be considered "slot" like. The concept of the aperture forming a transmission line is likely to break down in this case, and the Table I. initial assumption of zero E x field in the aperture (see Fig. 1 ) is unlikely to be a good approximation. In Figs. 6-10, all modes up to m = 5, n = 5 are considered, a total of 55 modes [ignoring TE 0n modes where C TE f 0n = 0 from (36)]. Many of the higher order modes will be evanescent for much of the frequency range below 3 GHz, and this is reflected by the fact that γ m n is real. This does not however cause any difficulties with the theory, which can readily accommodate evanescent modes. The choice of m = 5, n = 5 for the upper limit on modes ensures that all propagating modes below 3 GHz are included in the ILCM model in Figs. 6-10. For larger boxes and/or higher frequencies it is necessary to increase the limits on m and n, and this is easily implemented in the ILCM model presented here. For example, for the large box in case 1 of Fig. 5 , all propagating modes below 3 GHz (and a lot of extra evanescent modes) are taken into account by setting an upper limit of m = 9, n = 9. As a general rule, it is best to at least include all propagating modes up to the highest frequency of interest (in our case, 3 GHz), though the inclusion of some higher order evanescent modes can improve the results further (see for example [17] ). Table I . Fig. 11 . Comparison of the shielding effectiveness predicted by simple TE 10 model of [11] with the numerical prediction of TLM for the box, aperture size and position indicated in Case 4 of Table I . The model of [11] is clearly inadequate at frequencies above 1 GHz .   TABLE II  SUMMARY OF AGREEMENT OF CIRCUIT MODEL WITH TLM. THE TABLE  SHOWS THE RMS DIFFERENCE, MEAN ABSOLUTE DIFFERENCE AND  CORRELATION COEFFICIENT FOR THE SHIELDING EFFECTIVENESS CURVE  PREDICTIONS OF THE CIRCUIT MODEL AND TLM BETWEEN 4 MHz AND 3 GHz  FOR THE TEN DIFFERENT CASES CONSIDERED (SEE TABLE I AND FIGS. [5] [6] [7] [8] [9] [10] cases described in Table I . The normalized cross correlation coefficient ρ dB (0) is defined here as
and is always less than or equal to unity. S 1 and S 2 are the SE responses in decibels. If S 1 (ω) and S 2 (ω) are identical, then
for some arbitrary constant C 0 , so that ρ dB (0) gives some measure of the similarity of the shapes of the responses S 1 (ω) and S 2 (ω) in decibels). Excluding case 7, the overall rms difference between the curves in Figs. 5-10 and the remaining cases in Table I is 7 .70 dB, with a mean absolute error of 5.55 dB and a correlation coefficient ρ dB (0) = 0.9440. It is noted from Section II-A that the agreement in every single case in Table II is made worse by assuming the quasi-static impedance of [22] for the transmission line "slot." The overall rms difference in the latter case is 9.59 dB, with a mean absolute difference of 7.08 dB. Fig. 12 illustrates the level of accuracy that can reasonably be expected from the TLM technique when compared to experimental measurements. The experiment carried out here was for the scenario illustrated in case 1 of Table I . Irradiation was via a horn antenna inside an anechoic chamber, with a monopole of length 2.5 cm and diameter 1 mm acting as a detector inside the box. The shielding effectiveness of the box at the location described in Table I was deduced from two measurements of s 21 , with the network analyzer output feeding the horn antenna and the monopole feeding the analyzer input. The first (no shielding) measurement was made with only the lid of the box present to act as a ground plane for the monopole, while the second (shielded) measurement was made with the rest of the box and aperture present. A third noise floor measurement enabled an appropriate cut off point of about 500 MHz to be chosen, below which SE could not be reliably measured (i.e., the shielded measurement was below the noise floor). The rms difference between the experimental results and TLM in Fig. 12 is 7.84 dB, with a mean absolute error of 5.98 dB and a correlation coefficient ρ dB (0) = 0.5772. Thus, the agreement with Table I. experiment exhibited by TLM is of a similar (or worse) level to the agreement of TLM with the ILCM model in Table II . (The agreement of the ILCM model with this particular experiment is a little worse, being characterized by an rms difference of 10.10 dB, mean absolute difference of 7.91 dB and a correlation coefficient of just ρ dB (0) = 0.2197). Due to the highly resonant nature of the curves and the sensitivity of the measurements to position, an rms error of 7 or 8 dB is not unreasonably high: Two resonant curves which are slightly displaced will exhibit a large rms error whilst being both qualitatively and quantitatively in good agreement.
The time taken for the circuit model to reach a solution is much smaller than that taken by the numerical method of TLM. The data in each of Figs. 5-10 consist of 750 frequency points separated by approximately 4 MHz, with TLM taking 4 h and 20 min to reach solution (Pentium III, 750 MHz). In contrast, on the same computer, the circuit model running in MATLAB (a relatively slow interpreted language) took just 30 s to reach solution (except for Fig. 5 with the extra modes), a factor of 500 times faster. Indeed, when compiled in C++ the circuit model provides the same data in less than 2 s. Combined with the maximum 2 s or so required to run the subsidiary NEC simulation, this represents a speed of solution at least 3900 times faster than TLM.
Figs. 13 and 14 compare the results of the ILCM model with previously published experimental data [11] and MoM data [7] using CONCEPT II. Fig. 13 shows the SE at the center of a box of size 30(x) × 12(y) × 30(z) cm 3 containing a slot of size 20 × 3 cm 2 , centrally placed in its front face. The effect of omitting R p (i.e., putting R p = ∞) in Section III-C is illustrated in this figure. The result is an erroneous sharp null in the field (peak in SE) at 750 MHz, corresponding to the frequency at which the slot length is a half wavelength of radiation. Including R p is found to considerably improve the agreement of the ILCM with experiment. Fig. 14 shows the SE at the center of a cubic box of side 0.5 m with a centrally placed slot of size 20 × 5 cm 2 in its front face. In this case there are several modes contributing to the SE result. When normalized to the same clock speed and [7] . number of data points, the ILCM result in Fig. 14 is produced over five orders of magnitude faster than that of CONCEPT II. Although not plotted explicitly here, we note that the present ILCM model does not exhibit the erroneous feature in predicted SE that occurs just below 700 MHz in [13. Fig. 7 ] , mentioned in Section I. Instead, the ILCM model faithfully reproduces the experimental results to within a few dB over the entire frequency range considered.
We note a tendency for the ILCM model to overestimate the SE at low frequencies (<200 MHz), though qualitative agreement is good. This can partially be explained by the fact that, in performing a TLM simulation, it is necessary to stop the time stepping at some suitable point. Usually, a Gaussian pulse decay of at least 40 dB is recommended. However, even in this case the effect of prematurely curtailing the time domain response can be to artificially increase the Fourier transformed low frequency (<200 MHz) response, leading to reduced SE compared to the ILCM. Even so, comparing the ILCM model with CON-CEPT II in Fig. 14 , we see the same tendency of the ILCM to overestimate SE at low frequencies. This may therefore be a genuine deficiency of the ILCM model.
VII. CONCLUSION
An intermediate level circuit model (ILCM) has been developed to model the plane wave excitation of a rectangular box containing a rectangular aperture. The model has been developed in such a way that existing ILCM techniques for modeling the presence of elements such as dipoles, monopoles, loops and transmission lines inside the box can easily be incorporated into the circuit (though for simplicity we have been concerned only with an empty box here). The ILCM model can incorporate as many higher order modes as are necessary to adequately describe the box excitation at the highest frequency of interest. Both propagating and evanescent modes are permitted. Although the model is best suited to "slot" type apertures, where the slot height is a small fraction of the slot length (e.g., less than 12%), the aperture may be positioned anywhere in the front face of the box, and is not limited to the central position in height and width. The model takes into account both inter-mode coupling and re-radiation into free space.
Solution times for the ILCM model are three orders of magnitude less than those exhibited by traditional numerical techniques, with significantly less computer resources being required. At the same time, accuracy of the solution is not greatly affected, even at high frequencies. In our simulations, covering a variety of box and aperture sizes and positions, the ILCM model coded in C++ was over 3900 times faster than TLM at providing a solution at 750 frequency points up to 3 GHz, whilst exhibiting an rms difference of 7.70 dB and mean absolute difference of 5.55 dB over nine data sets. Visual examination of the curves in Section VI shows that the circuit model successfully predicts the vast majority of the features in the TLM simulations of shielding effectiveness. Indeed, it is known that the latter features can be highly sensitive to position and therefore to the spatial resolution used in the TLM simulations. An rms difference of 7 or 8 dB between the ILCM model and TLM is therefore not unreasonably high. Indeed, this is the level of agreement that can be expected between a numerical TLM simulation and an experimental measurement, as illustrated in Fig. 12 . The main problem lies in the fact that two resonant peaks that are slightly displaced can lead to a large rms difference, when in reality there is good qualitative and quantitative agreement between the two curves, which is evident from visual inspection.
